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Abstract—In this paper, we study the problem of best trans-
mission link selection in a decode-and-forward (DF) cooperative
system from capacity point of view. The transmission link can
be a cooperative (via a relay) or direct link between the source
and destination nodes. In a two-hop DF system with multiple
relays and a direct link in between the source and destination,
the transmission link selection can be performed based on full
or partial channel state information (CSI) of all links involved
in cooperation. We derive analytical ergodic capacity of full and
partial CSI based path selection schemes in the DF cooperative
system. Further, the full and partial CSI based link selection
schemes are compared with help of these expressions.
I. INTRODUCTION
Virtual antenna system can be created by exploiting cooper-
ative diversity among different cooperating nodes [1]. The co-
operation may be regenerative (DF) [2]–[5] or non regenerative
(amplify-and-forward (AF)) [6]–[8] relaying technique. The
AF protocol can use very simple relay processing of merely
scaling the received signal at the relay with a fixed gain [9]–
[11] but it has a problem of noise amplification [2]–[5]. The
DF relaying is more practical than AF relaying because of its
digital processing nature [2]–[5]. Depending upon the source-
relay channel, the relay can demodulate the data correct or
wrong; the erroneous relaying of the data causes significant
penalty in term of average error performance of the destination
receiver [1]–[5]. In [2]–[5], maximum likelihood decoders
have been discussed for avoiding the error propagation in DF
networks due to the erroneous relaying of a practical relay
node. Relay selection is another useful method for improving
the quality of relaying and data-rate of the cooperative sys-
tem [12], where a best relay is selected for cooperation based
on full [13] or partial [14], [15] CSI of the links involved in
the cooperation.
Finding the ergodic capacity of the DF networks is an
important problem [16]. In [17], the ergodic capacity of
different opportunistic DF relaying schemes over dual-hop
Rayleigh fading channels is derived without considering a
direct link between the source and the destination. The ergodic
capacity of relay selection in repetition based two-hop DF
cooperative system with a direct link in symmetric source-
to-relay and symmetric relay-to-destination links is derived
in [18]. The ergodic capacity of a partial CSI based relay
selection scheme in DF cooperative system without a direct
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Fig. 1. Two-hop cooperative communication system with M relays and a
direct link between S and D; γik denotes the instantaneous SNR of the S-Ri
link; γki denotes the instantaneous SNR of the Ri-D link; γ0 denotes the
instantaneous SNR of the S-D link.
link is derived in [19]. In [20], the outage capacity was derived
for several dual-hop DF schemes, including opportunistic
relaying in DF system with a direct link, a smart selective
DF scheme, and a hybrid system. It is argued in [20] that the
outage capacity can be improved by using a smart selection
scheme that can revert to non-cooperation mode if the direct
link is better than the cooperative links. The average error
performance of the full CSI based selection combining in two-
hop DF cooperative system with multiple relays and a direct
link is performed in [21], where the best link (cooperative
or direct) between the source and destination is chosen on
the basis of the instantaneous signal-to-noise ratios (SNRs) of
all links. A general analytical framework for link selection
in beamforming and combining based DF networks where
source, a single relay, and destination are equipped with
multiple antennas, is presented in [22].
In this paper, we derive the ergodic capacity of full and
partial CSI based link selection scheme in a dual-hop DF
cooperative system with multiple relays and a direct link
between the source and destination node. Both schemes are
compared on the basis of the derived capacity expressions.
II. SYSTEM MODEL
Let us consider a two-hop cooperative system with a
source (S), one destination (D), and M regenerative relays
(R1,R2,..,RM ); each node is equipped with a single antenna,
as shown in Fig. 1. It is assumed that a node can either
transmit or receive the data at a time. There exists a direct
link along with M two-hop cooperative links between S and
D. All links are assumed to be independent but non-identically
distributed (i.n.i.d.) Rayleigh fading with their instantaneous
SNRs complying to the Exponential distribution as follows:
γik ∼ E (γ¯ik) , γki ∼ E (γ¯ki), and γ0 ∼ E (γ¯0), where E (m)
denotes the Exponential distribution with mean m; γik, γki,
and γ0 denote the instantaneous SNRs and γ¯ik, γ¯ki, and γ¯0
represent the average SNRs of the S-Ri, Ri-D, and S-D links,
respectively, and i = 1, 2, ..,M . Let us describe the considered
link selection schemes in the following subsections.
A. Full CSI Based Link Selection
In the full CSI based transmission link selection scheme,
the best diversity branch for transmission of the data of the
source is selected as follows [21]:
if γj > γi and γj > γ0, then select S −Rj −D link.
if γ0 >= γi, then select S −D link,
(1)
where j 6= i, j = 1, 2, ...,M , and γi = min {γik, γki} whose
cumulative distribution function (CDF) can be obtained as
follows:
Fγi(γ) = 1− (1− Fγik(γ))(1 − Fγki(γ))
= 1− e−γ/γ¯i, (2)
where FX(x) denotes the CDF of X and 1/γ¯i = 1/γ¯ik +
1/γ¯ik.
B. Partial CSI Based Link Selection
With the knowledge of the channels of Ri-D and S-D links,
the best transmission link is selected as follows:
if γkj > γki and γkj > γ0, then select S −Rj −D link,
if γ0 >= γki, then select S −D link,
(3)
where j 6= i. The partial CSI based link selection scheme in
(3) is influenced by the relay selection scheme given in [15];
it is easier to implement this scheme in practice.
III. CAPACITY OF FULL CSI BASED TRANSMISSION LINK
SELECTION SCHEME
If a cooperative link is selected, then the communication
from S to D takes place in two orthogonal channels via a DF
relay (Ri). Therefore, both hops in a cooperative link act in-
dependently in the sense that decoding/encoding is performed
at the intermediate relay (Ri). Thus, a DF cooperative link is
equivalent to a series network, which means that the capacity
of the link is dominated by the worst hop. Since the capacity is
a monotonous function of SNR, the minimum of the capacities
of S-Ri and Ri-D hops equals the capacity of the weakest of
the two hops. Therefore, the equivalent SNR of the cooperative
link, from a capacity point of view, is given by γi [16]. Hence,
the capacity of the i-th cooperative link in the considered DF
system is given as
CCOP (γi) =
1
2
log2 (1 + γi) , (4)
where the factor of 1/2 is included because of repeated
transmission of the data over cooperative link via the relay.
Further, the capacity of the direct link between the source and
destination is given as
CD (γ0) = log2 (1 + γ0) . (5)
It can be noticed that in the full CSI based scheme, a transmis-
sion link between the source and destination that contains best
instantaneous SNR is selected for transmission of the source’s
data to the destination. Let us denote the best instantaneous
SNR by γb, then the instantaneous capacity of the full CSI
combining based DF system can be written as
CF (γi, γ0)=
M∑
i=1
Pr (γb = γi)CCOP (γi|γb = γi)
+ Pr (γb = γ0)CD (γ0|γb = γ0) , (6)
where Pr (·) denotes the probability. It can be seen from (6)
that the averge conditional capacity depends upon the capacity
of all links.
It can be deduced from (1) that a cooperative link (S-Ri-D
link) is chosen if its minimum instantaneous SNR is greater
than the minimum instantaneous SNRs of all other cooperative
links and instantaneous SNR of the direct link (S-D link).
We can alternately say that the i−th cooperative link will be
selected for transmission if its minimum instantaneous SNR,
i.e., γi, is greater than the maximum of the minimum instan-
taneous SNRs of the remaining M − 1 cooperative links and
than the instantaneous SNR of the direct link. Moreover, the
direct link will be selected if its instantaneous SNR is greater
than the maximum of the minimum instantaneous SNRs of
all cooperative links. Let γb denotes the best instantaneous
SNR obtained from (1), we can express the aforementioned
conditions mathematically as
if γb = γi, then γi > γ(i−)M and γi > γ0,
if γb = γ0, then γ0 > γM ,
(7)
where γM = max {γ1, γ2, ..., γM} and γ(i−)M =
max {γ1, γ2, ..., γi−1, γi+1, ..., γM}.
By using (2) and [23, Eq. (6.78)], it can be shown that the
CDF of γM will be
FγM (γ) = Π
M
i=1Fγi(γ)
= 1−
M∑
j1=1
e−γ/γ¯j1 +
M∑
j1=1
M∑
j2=1
j1>j2
e−γ(1/γ¯j1+1/γ¯j2) − ...
+ (−1)M
M∑
j1=1
M∑
j2=1
· · ·
M∑
jM=1
j1>j2>..>jM
e−γ(1/γ¯j1+1/γ¯j2+...+1/γ¯jM )
= 1 +
M∑
m=1
(−1)mSme
−γ/γ¯′m , (8)
where Sm =
∑M
j1=1
∑M
j2=1
· · ·
∑M
jm=1
j1>j2>..>jm
and 1/γ¯′m =∑m
l=1(1/γ¯jl). Similarly, it can be shown that
F
γ
(i−)
M
(γ) = 1 +
M−1∑
m=1
(−1)mS(i−)m e
−γ/γ¯′m , (9)
where S(i−)m =
∑M
j1=1
j1 6=i
∑M
j2=1
j2 6=i
· · ·
∑M
jm=1
jm 6=i
j1>j2>..>jm
.
By using (7), we can marginalize (6) over different channels
as follows:
CF =
1
2
M∑
i=1
( ∫ ∞
0
log2 (1 + x) fγi(x)
∫ x
0
f
γ
(i−)
M
(y)
×
∫ x
0
fγ0(z)dzdydx
)
+
∫
∞
0
log2 (1 + x) fγ0(x)
×
∫ x
0
fγM (y)dydx. (10)
It is shown in Appendix A that the ergodic capacity of the full
CSI based best link selection scheme will be
CF =
1
2
M∑
i=1
(
e1/γ¯i log2eE1
(
1
γ¯i
)
−
log2e
γ¯i
M−1∑
m=0
(−1)m
× S
(i−)
0,m
(
1
γ¯i
+
1
γ¯′′m
)
−1
e1/γ¯i+1/γ¯
′′
mE1
(
1
γ¯i
+
1
γ¯′′m
))
+ e1/γ¯0 log2eE1
(
1
γ¯0
)
+
log2e
γ¯0
M∑
m=1
(−1)mSm
×
(
1
γ¯0
+
1
γ¯′m
)
−1
e1/γ¯0+1/γ¯
′
mE1
(
1
γ¯0
+
1
γ¯′m
)
, (11)
where S(i−)0,m =
∑M
j0=0
j0 6=i
∑M
j1=0
j1 6=i
· · ·
∑M
jm=0
jm 6=i
j0>j1>..>jm
, 1/γ¯′′m =∑m
l=0(1/γ¯jl), and E1 (µ) =
∫
∞
1
t−1e−tµdt is the
Exponential-integral function with an alternative form given
in [24, Eq. (8.211.1)].
IV. CAPACITY OF PARTIAL CSI BASED TRANSMISSION
LINK SECTION SCHEME
For simplicity, let us define new random variables (RVs) as
Ω0 , γ0,Ωi , γki, Ω¯0 , γ¯0, and Ω¯i , γ¯ki, i = 1, 2, ...,M . In
the partial CSI based selection scheme, if the i-th cooperative
link is selected for transmission of the data from S to D, then
Ωi, which is chosen as the best instantaneous SNR according
to (3), can be less or greater than γik. Therefore, it can be
deduced from (3) that
if γb = Ωi, then Ωi > Ω(i−)M and Ωi < γik
or Ωi > Ω
(i−)
M and Ωi > γik,
if γb = Ω0, then Ω0 > Ω(0−)M ,
(12)
where Ω(l−)M , l = 0, 1, ...,M is a RV given as
Ω
(l−)
M , max {Ω0,Ω1, ...,Ωl−1,Ωl+1, ...,ΩM} . (13)
By following the similar procedure given in (8), it can be
shown that
F
Ω
(l−)
M
(γ) = 1−
M−1∑
m=0
(−1)mS
(l−)
0,m e
−γ/Ω¯′m , (14)
where 1/Ω¯′m =
∑m
t=0(1/Ω¯jt). The instantaneous capacity of
partial CSI based selection scheme can be written as
CP (γi, γ0) =
M∑
i=1
CCOP (γi|γb = Ωi) + CD (Ω0|γb = Ω0) .
(15)
From (12) and (15), the ergodic capacity of partial CSI based
selection scheme can be expressed in the integral form as
CP =
1
2
M∑
i=1
(∫
∞
0
log2 (1 + x) fγik(x)
∫
∞
x
fΩi(y)
×
∫ y
0
f
Ω
(i−)
M
(z)dzdydx+
∫
∞
0
log2 (1 + x) fΩi(x)
×
∫ x
0
f
Ω
(i−)
M
(y)
∫
∞
x
fγik(z)dzdydx
)
+
∫
∞
0
log2 (1 + x) fΩ0(x)
∫ x
0
f
Ω
(0−)
M
(y)dydx. (16)
It is shown in Appendix B that the ergodic capacity of the
partial CSI based path selection scheme in the DF relaying
will be
CP =
1
2
M∑
i=1
[
e1/γ¯i log2eE1
(
1
γ¯i
)
−
log2e
γ¯ki
M−1∑
m=0
(−1)m
× S
(i−)
0,m
(
1
γ¯ik
(
1
γ¯i
+
1
Ω¯′m
)
−1
+ 1
)(
1
γ¯ki
+
1
Ω¯′m
)
−1
× e1/γ¯i+1/Ω¯
′
mE1
(
1
γ¯i
+
1
Ω¯′m
)]
+ e1/γ¯0 log2eE1
(
1
γ¯0
)
−
log2e
γ¯0
M−1∑
m=0
(−1)mS
(0−)
0,m
(
1
γ¯0
+
1
Ω¯′m
)
−1
e1/γ¯0+1/Ω¯
′
m
× E1
(
1
γ¯0
+
1
Ω¯′m
)
. (17)
V. COMPARISONS AND NUMERICAL RESULTS
A. Comparison of Partial and Full CSI Based Link Selection
Schemes in I.I.D. Links
For independent and identically distributed (i.i.d.) links and
M = 1, i.e., a DF cooperative system with a single relay and
γ¯0 = γ¯1k = γ¯k1 = γ¯, it can be shown from (11) and (17)
that the ergodic capacity for full and partial CSI based relay
selection will be
CF =e
1/γ¯ log2eE1(1/γ¯) +
e2/γ¯
2
log2eE1(2/γ¯)
−
2e3/γ¯
3
log2eE1(3/γ¯) (18)
and
CP = e
1/γ¯ log2eE1(1/γ¯)−
e3/γ¯
4
log2eE1(3/γ¯), (19)
respectively. The capacity gain of the full CSI based link se-
lection scheme as compared to the partial CSI based selection
scheme can be obtained from (18) and (19) is given as
∆C =
e2/γ¯
2
log2eE1(2/γ¯)−
5e3/γ¯
12
log2eE1(3/γ¯). (20)
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Fig. 2. Analytical and simulated ergodic capacity of full and partial CSI
based link selection schemes in the two-hop DF system with a single relay
and i.i.d. channels.
We have plotted analytical and simulated values of the ergodic
capacity for full and partial CSI based selection scheme with a
single relay and i.i.d. links in Fig. 2. It can be seen from Fig. 2
that simulated values closely follow the analytical values of
the capacity obtained from (18) and (19). Further, it can be
verified from Fig. 2 that the partial CSI based link selection
works poorer than the full CSI based selection scheme in
i.i.d. Rayleigh channels specially at high SNRs. Moreover, the
partial CSI based selection scheme looses close to 1 bit/sec/Hz
as compared to the full CSI based selection scheme at 25 dB
SNR as observed after plotting (20) in Fig. 2.
At very high SNR, 2/γ¯ ≈ 3/γ¯, e2/γ¯ ≈ e3/γ¯ ≈ 1;
therefore, by using the following approximation E1(x) ≈
e−xln (1 + 1/x) [24], we have
∆C ≈
log2e
12
ln (1 + γ¯/2) . (21)
It can be seen from (21) that the capacity gain of the full CSI
based scheme monotonically increases with average SNR as
compared to the partial CSI based scheme when all links have
high SNR.
B. Comparison of Full and Partial CSI Based Link Selection
Schemes in I.N.I.D. Links
In Fig. 3, we have plotted the simulated and analytical
ergodic capacity (bits/sec/Hz) of the full and partial CSI based
transmission link selection schemes in a two-hop DF cooper-
ative system with M = 2, 3 relays and direct link between S
and D over i.n.i.d Rayleigh fading links. In order to realize the
i.n.i.d. channels, it is assumed that γ¯ik = γ¯/i, γ¯ki = γ¯/(2i),
and γ¯0 = γ¯/100, where γ¯ denotes the average SNR and
shown on the x-axis of Fig. 3. The analytical values of the
capacity are obtained from (11) and (17). It can be seen from
Fig. 3 that the simulated capacity results closely match with
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Fig. 3. Analytical and simulated ergodic capacity of full and partial CSI based
link selection schemes in the two-hop DF system with different number of
relays and i.n.i.d. links.
the analytical values at all SNRs. Further, the full CSI based
selection scheme provides better capacity than the partial CSI
based link selection scheme at all SNRs considered in the
figure. In Fig. 3, we have also shown the simulated capacity
of a non-cooperative system that always uses the direct link
for transmission of the source’s data to the destination. It
can be seen from Fig. 3 that both selection schemes provide
significant improvement in the average capacity as compared
to the non-cooperative system; capacity is improved with
increasing number of relays.
VI. CONCLUSIONS
We have derived the ergodic capacity of two transmission
link selection schemes in a DF cooperative system with
multiple relays and a direct link. It has been shown by
simulation and analysis that full CSI based selection scheme
provides better capacity compared to the partial CSI based
selection scheme. Moreover, both selection schemes render
better capacity than a non-cooperative system.
APPENDIX A
DERIVATION OF (11)
Let us first consider the first integral term in (10) as
Ai =
∫
∞
0
log2 (1 + x) fγi(x)
∫ x
0
f
γ
(i−)
M
(y)
×
∫ x
0
fγ0(z)dzdydx. (22)
We can simplify Ai from (22) as
Ai =
∫
∞
0
log2 (1 + x) fγi(x)Fγ(i−)
M
(x)Fγ0 (x)dx. (23)
By observing that Fγ0(x) = 1−e−x/γ¯0, using (9) in (23), and
after some algebra, we get
Ai =
1
γ¯i
∫
∞
0
log2 (1 + x) e
−x/γ¯i
×
(
1−
M−1∑
m=0
(−1)mS
(i−)
0,m e
−x/γ¯′′m
)
dx. (24)
Using substitution of variable t = 1+x and [24, Eq. (4.331.2)]
in (24) results into
Ai = e
1/γ¯i log2eE1
(
1
γ¯i
)
−
log2e
γ¯i
M−1∑
m=0
(−1)kS
(i−)
0,m
×
(
1
γ¯i
+
1
γ¯′′m
)
−1
e1/γ¯i+1/γ¯
′′
mE1
(
1
γ¯i
+
1
γ¯′′m
)
. (25)
The second integral in (10) can be written as
B =
∫
∞
0
log2 (1 + x) fγ0(x)FγM (x)dx. (26)
We can solve the integral of B by using (8), substitution t =
1 + x, and [24, Eq. (4.331.2)].
APPENDIX B
DERIVATION OF (17)
The first term of (16) can be written as
Ui =
∫
∞
0
log2 (1 + x) fγik(x)
∫
∞
x
fΩi(y)FΩ(i−)
M
(y)dydx.
(27)
From (14) and (27), and after some algebra, we get
Ui =
log2e
γ¯ik
∫
∞
0
log2 (1 + x) e−x/γ¯idx−
log2e
γ¯ik γ¯ki
×
M−1∑
m=0
(−1)mS
(i−)
0,m
(
1
γ¯ki
+
1
Ω¯′m
)
−1 ∫ ∞
0
log2 (1 + x)
× e
−
(
1
γ¯i
+ 1
Ω¯′m
)
x
dx. (28)
By substitution of variable t = 1 + x and using [24,
Eq. (4.331.2)] in (28), results into
Ui =
γ¯i
γ¯ik
e1/γ¯i log2eE1
(
1
γ¯i
)
−
log2e
γ¯ik γ¯ki
M−1∑
m=0
(−1)mS
(i−)
0,m
×
(
1
γ¯i
+
1
Ω¯′m
)
−1(
1
γ¯ki
+
1
Ω¯′m
)
−1
e1/γ¯i+1/Ω¯
′
m
× E1
(
1
γ¯i
+
1
Ω¯′m
)
. (29)
The remaining integrals in (16) can be solved by using (14),
substitution of variable method, and [24, Eq. (4.331.2)].
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